Small non-coding microRNAs (miRNAs) regulate cellular and developmental processes through the modulation of target gene expression and/or protein synthesis. miRNAs are expressed in a cell-specific manner. Human mesenchymal bone marrow stem cells (hMSC) and human dental follicle cells (hDFC) can undergo multilineage differentiation into various connective tissue cell types, and may therefore be utilized for regeneration in cell therapy. To elucidate the molecular differences that underlie the more primitive characteristics of hMSC and hDFC, we performed a comprehensive comparative analysis of the miRNA and mRNA expression profiles of hMSC and hDFC using a two-fold change in the normalized intensity of expression as a cut-off to determine differences in expression. In hMSC, 37 were more highly expressed, while 32 miRNAs more highly expressed in hDFC.
Introduction
Recent advances in stem cell research have confirmed the existence of various types of tissue stem cells that contribute to the functional maintenance of organs and to cell renewal, tissue remodeling and repair (1, 2) . Human mesenchymal stem cells from bone marrow (hMSC), which have the potential to undergo multilineage differentiation into multiple connective tissue cell types, such as osteoblasts, chondrocytes and adipocytes, are expected to contribute to regenerative medicine. The dental follicle, which is an ectomesenchymal tissue that surrounds the developing tooth germ, contains stem cells and lineagecommitted progenitor cells or precursor cells of osteoblasts/ cementoblasts (3, 4) . Human dental follicle cells (hDFC) also have the capacity to form various types of cell, not only of the osteoblastic/cementoblastic lineage(3), but also of the adipogenic (4) and neurogenic lineages (5), when they receive appropriate signals. Human dental follicles, which are a source of hDFC, can be very easily obtained during various types of surgical procedure, such as the extraction of impacted teeth. Therefore, hDFC have great potential for utilization in regenerative cell therapy. However, the molecular characteristics of hMSC and hDFC, such as specific markers for each cell type, have yet to be clarified.
MicroRNAs (miRNAs) are a class of small non-coding
RNAs that inhibit protein translation or cleave mRNA by binding to the target mRNA (6) . It has been suggested that miRNAs post-transcriptionally regulate the transcription factors, enzymes and growth factors associated with development, proliferation, differentiation and oncogenesis (7, 8) . miRNAs are also known to be expressed in a cellspecific manner, although the mechanism that regulates their expression remains largely unknown. Each miRNA has the potential to bind to hundreds of mRNAs and one mRNA can be targeted by multiple miRNAs (9) , which highlights the importance of miRNAs in complex networks of gene expression regulation. It is estimated that >60% of mammalian transcription is under miRNA control (10) . The effects of miRNAs on protein output levels were recently reported, although some targets were repressed without detectable changes in mRNA levels. Targets whose translation was repressed by more than 30% also displayed detectable mRNA destabilization, and, for the more highly repressed targets, mRNA destabilization typically comprised the major component of repression (11) . Thus, comparative profiling of miRNA and mRNA in the same samples from different cell types may help identify the putative miRNA targets.
In order to elucidate the molecular differences that account for the more primitive characteristics and therapeutic potential of hMSC and hDFC, we aimed to investigate specific cell markers of these cell types. We first performed comprehensive miRNA expression analysis of these cell types. Next, we analyzed the biological role of the miRNAs that were differentially expressed between hMSC and hDFC by examining the expression of bioinformatically predicted miRNA target genes in hMSC and hDFC.
Materials and Methods

Cell cultures
hDFC were obtained using a previously reported method (3) . Briefly, normal human impacted third molars were surgically removed and collected. hDFC were obtained from two patients (two females; ages 14 and 18 years old) who gave complete informed consent. Dental follicle tissues were digested in a solution of 0.1 U/ml collagenase type I and 1 U/ml dispase (Roche, Mannheim, Germany) for 1 h at 37℃.
The attached hDFC were cultured in 100-mm dishes using obtained from Lonza Walkersville, and were cultured using GM in the presence of 95% air and 5 % CO 2 at 37℃.
The experimental strategy for the study is shown in Fig. 1.
Total RNA extraction
Total RNA for miRNA analysis was isolated from hMSC or hDFC using the miRNeasy Mini Kit (Qiagen, Valencia, CA). For gene expression analysis, hDFC or hMSC were homogenized using 1 ml of TRIZOL reagent (Life Technologies, Gaithersburg, MD), and total RNA was isolated using the acid guanidinium thiocyanate-phenolchloroform extraction method. RNA precipitates were stored in ethanol at −80℃ until use. RNA quality was confirmed using the Agilent RNA 6000 Nano kit (Agilent, Santa Clara, CA). Hybridized slides were washed, and then dried through centrifugation (3,000 rpm, room temperature). Hybridized arrays were scanned using a scanner (Agilent) and the resulting images were analyzed using the Feature Extraction Software (Agilent).
Oligonucleotide microarray analysis
For gene expression profiling, we used the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA) and the One-Cycle Target
Labeling and Control Reagents kit, according to Affymetrix protocols. Briefly, double-stranded cDNA was generated from 5 μl of total RNA using a T7-oligo (dT) primer. cDNA was purified and then biotin-labeled cRNA was synthesized by in vitro transcription. Purified biotin-labeled cRNA was added to the fragmentation buffer and heated for 35 min at 
Data Analysis
Analysis of the miRNA microarray and the oligonucleotide microarray was performed using GeneSpring GX (Agilent).
Prediction of miRNA target genes
The data on miRNAs that were differentially expressed in hMSC and hDFC were uploaded into the Ingenuity Pathway Knowledge Base (IPA; Ingenuity ® Systems, www. ingenuity.com, Redwood City, CA). Target genes of the uploaded miRNAs were experimentally validated and used to predict mRNA targets from TargetScan, TarBase, miRecords and IPA. Targets were then prioritized and filtered using the IPA microRNA Target Filter.
The prioritized and filtered miRNA targets were imported into GeneSpring software, and were then paired to the genes that were differentially expressed in hMSC and hDFC, as assessed by oligonucleotide microarray analysis.
Results
miRNA expression profiling of hMSC and hDFC
We performed miRNA microarray analysis (866 human miRNAs and 89 human virus miRNAs) to determine the miRNA expression profiles representative of hDFC and hMSC. Neither the hMSC, nor the hDFC, which were cultured at low density in GM for 24 h, were induced to undergo osteogenic, chondrogenic or adipogenic differentiation during culture. Out of 955 miRNAs assayed, 661 miRNAs were undetectable in both samples and were excluded from further analysis. We used a two-fold change in the normalized intensity of expression as the cut-off point to determine differences in miRNA expression between hMSC and hDFC. Table 1 shows the ranking of differentially expressed miRNAs; 37 miRNAs were more highly expressed in hMSC and 32 miRNAs were more highly expressed in hDFC.
Prediction of miRNA target genes
In order to predict the mRNA targets of the miRNAs that were differentially expressed in hMSC and hDFC, these miRNAs were uploaded into IPA. The miRNA target genes were predicted by databases such as TargetScan, and were then prioritized and filtered using the microRNA Target
Filter. Of the targets of the 37 miRNAs that were more highly expressed in hMSC, 457 genes were experimentally validated as targets, and 6,323 and 7,500 genes were predicted as targets with high and moderate confidence, respectively ( Table 2) . On the other hand, of the 32 miRNAs that were more highly expressed in hDFC, 256 genes were experimentally validated as targets, and 5,065 and 5,851
genes were predicted as targets with high and moderate confidence respectively (Table 2 ).
Combined analysis of miRNA and mRNA targets
In order to further analyze the role of the differentially expressed miRNAs in hMSC and hDFC, the expression levels of the experimentally validated miRNA targets were examined by analysis of the mRNA expression profiles of hMSC and hDFC. The miRNA targets experimentally validated by the IPA microRNA Target Filter were listed and imported into GeneSpring, which is software for the analysis of mRNA expression in hMSC and hDFC. We had previously performed an mRNA microarray for expression profiles using GeneChip (47,400 probe sets). We examined the coexpressed or the inversely expressed pairs of miRNAmRNA targets. Because there are several probe sets for each gene in GeneChip, there were 1294 probe sets that corresponded to the 457 target genes of the miRNAs that were more highly expressed in hMSC and 793 probe sets that corresponded to the 256 target genes of the miRNAs that were more highly expressed in hDFC. Among the 1294 hMSC probe sets, the miRNA targets of 91 of the probe sets were more highly expressed and the miRNA targets of 53 of the probe sets were expressed at a lower level in hMSC when compared with hDFC (Fig. 2a) . Of the 793 hDFC probe sets, the miRNA targets of 24 probe sets were more highly expressed and the miRNA targets of 56 of the probe sets were expressed at a lower level in hDFC, as compared to hMSC (Fig. 2b) . These selected miRNA targets that formed coexpressed or inversely expressed miRNA-mRNA pairs were enriched for annotations related to DNA binding or nucleotide binding using molecular function analysis of Gene Ontology (Table 3) . Selected miRNA targets related to DNA binding that showed higher miRNA-mRNA pair coexpression in hMSC than in hDFC included several homeobox (HOX) genes (Table 4 ). In contrast, HOX genes were not expressed or were weakly expressed in hDFC (Table 4) . On the other hand, forkhead box O1 (FOXO1), which was more highly expressed in hDFC than in MSC, showed higher miRNA-mRNA pair coexpression in hDFC.
Discussion
Several studies have indicated that miRNAs play an important role in stem cell maintenance and differentiation (12) . The role of miRNAs in stem cell biology emerged from studies that showed that a specific gene signature related to stem-like properties (13) . Comparison of miRNA signatures of pluripotent, multipotent and somatic stem cells revealed specific miRNAs that regulated a number of cell functions involved in pluripotency and differentiation (14) (15) (16) . In this study, we analyzed the expression profiles of miRNAmRNA pairs in hMSC and hDFC to identify specific hMSC and hDFC markers.
Comparison of the miRNA expression profiles of hMSC and hDFC showed that 37 miRNAs are more highly and miR-19b-1 * were more highly expressed in hDFC than in hMSC. It has been reported that miR-199, which we found was also more highly expressed in hDFC, is expressed in tooth germ (18) . These data indicate that a common pattern of miRNA expression may be characteristic of MSC lineages isolated from various organs. However, to the best of our knowledge, there have been no reports regarding the miRNAs that are expressed in hDFC. It will be necessary to examine miRNA expression in hDFC from individual patients in future studies.
We next searched for target genes of miRNAs differentially expressed in hMSC and hDFC by analyzing target databases using algorithms to predict miRNA targets in untranslated regions of these genes. Because a large number of predicted target genes were detected, we selected experimentally validated targets, which were experimentally confirmed as target genes in previous reports, using
IPA. In addition, we examined the expression levels of the selected miRNA targets in hMSC and hDFC using mRNA expression profiles. The HOX genes, which were selected as miRNA targets, were genes whose mRNA expression differed between hMSC and hDFC. Thus, the HOX genes were highly expressed in hMSC, but were not detected in hDFC.
The tissue-specific expression of several miRNAs during embryogenesis has been investigated, including the expression of two miRNAs that are encoded by genes embedded in HOX clusters, miR-10a and miR-196a (19, 20) . These two miRNAs are expressed in patterns that are markedly reminiscent of those of the HOX genes and miR-196a is known to negatively regulate HOXB8 (21) . Furthermore, it has been shown that miR-196a regulates proliferation and osteogenic differentiation of MSC derived from human adipose tissue, which may be mediated through its predicted target, HOXC8 (22) . On the other hand, FOXO1 was more highly expressed in DFC than in hMSC. miR-1271, which was more highly expressed in hDFC, was shown to be one of the miRNAs that target FOXO1. A previous study showed that the FOXO family of transcription factors has an essential role in tooth development and in regulation of the process of biomineralization (23) . Based on these results, the miRNAs that are highly expressed in each cell type target and regulate the expression specific mRNAs. Expression of a few miRNAs is specific for the tissues from which stem cells originate, suggesting that miRNAs influence the characteristic mRNA expression of these tissues.
In conclusion, analysis of the combined miRNA-mRNA expression profiles appears to be useful for the characterization of cell-specific markers. 
